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Picosecond Laue Crystallography Study of Photoactive Yellow Protein

Before coming to the NIH in 1998, my research group at Harvard University was 
engaged in ultrafast biophysical studies of proteins using spectroscopic 
techniques, including femtosecond IR spectroscopy. Since coming here, we have 
continued to develop new methods for studying proteins including picosecond 
Laue crystallography, and more recently, picosecond SAXS/WAXS. Before I get 
into what we are doing and how we do it, I thought it prudent to give some 
background regarding why I think these studies are important. Due in part to my 
training as a physical chemist, I’m passionate about molecular level details. 
Nevertheless, it is worthwhile to occasionally retreat from that focus and ponder 
life at the organismic level, as shown in my next slide.
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FIG. 1. Accumulation patterns of E. halophila caused by light
spots of different spectral compositions. Light spots of different
colors were projected into an anaerobic bacterial suspension, and
the effect on the distribution of cells was studied microscopically. A
positive accumulation pattern of bacteria was obtained when a spot
of green plus infrared light (for transmission spectra of the filters
used, see panel B) was used (A). The observed pattern was caused
by positive phototaxis alone. A different pattern was obtained when
a blue (see panel B) spot was used (C). In this case, the bacteria
showed both an attractant and a repellent response. Magnification,
x 125.

light (>560 nm) into an area in which, in addition, light of
shorter wavelengths was present, the fraction of cells that
reversed within 1 s significantly increased compared with
cells that remained in the orange area. On the other hand, the
fraction of cells reversing within 1 s was much lower for cells
that had just entered the orange area than for those that
remained in the white part. These observations indicate that
the observed movement of bacteria from areas with a higher
intensity of blue light to areas with a lower intensity of blue
light was caused by an induction of directional switches after
a step-up of blue light and suppression after a step-down.
Indeed, it could be seen, when observing individual cells
microscopically, that when they entered the white area the

induced reversal usually caused the bacteria to reenter the
orange area. The difference in measured light intensity in the
orange and white areas was rather small: 80 versus 107
PMmo. m-2 s1. Approximately 9.5 nmol of this difference
m-2 s1 consisted of light transmitted by a yellow filter
which could not induce reversals, as could be concluded
from direct microscopic observation. Thus, a strong repel-
lent photoresponse was observed in this batch of bacteria in
response to a step increase of less than 20 pLmol of blue light

M2. -1intensity m s
Time-based video analysis of a population of bacteria upon

a temporal green-white or white-green transition. The effect
of the removal of a green filter from the light beam of the
microscope on the reversal frequency of a population of
free-swimming bacteria is shown in Fig. 3. The fraction of
the cells that switched per 0.2-s period increased sharply
within 0.4 s after the step-up in light intensity and fell back to
approximately the prestimulus value of 0.06 within 1 s.
Whether this rapid return of the reversal frequency to the
prestimulus level reflects an adaptational process or whether
it is the result of a refractory period which all bacteria enter
simultaneously immediately after a flash-induced directional
switch (as has been observed with H. halobium [16]) cannot
be determined from these data. It should be noted, however,
that almost 100% of the motile bacteria responded to the
stimulus by reversing within 0.4 s. A single time point at 5 s
after the stimulus (value, 0.22) confirms the impression
obtained when observing the cells directly under the micro-
scope in this type of experiment, i.e., that a step-up in blue
light increases the probability of switching for at least
several seconds.

Figure 4 shows the effect of reintroducing the green filter
after 2 min of exposure to white light. The cumulative
number of reversals observed per 0.25-s period is plotted
against time. There was a significant decrease in the proba-
bility of reversals after a temporal transition from white to
green light. This confirms our direct observation of a change
from a relatively "tumbly" population to one with cells
swimming in smooth circles. The observation of individual
bacteria swimming in yellow light, after a blue flash, re-
vealed that these cells generally reversed for the first time at
least 10 s after the flash.
Wavelength dependence of the step-up response. Figure SA

shows the results of a video analysis experiment carried out
to investigate the wavelength dependence of the induction of
reversals by an increase in blue light. The bacteria were
recorded in saturating photosynthetic light (>540 nm). They
were given a step-up light stimulus by side illumination of the
capillary, using narrow-bandwidth interference filters to
select wavelengths between 400 and 520 nm. The total
number of reversals during the 2-s period before and after
the step-up was determined for each wavelength. When the
poststimulus values are compared with the mean and stan-
dard error of the mean of the prestimulus values (19.8 ± 3.1),
it appears that only the poststimulus values obtained at 500
and 520 nm are within the 95% confidence level (t test); all
other values are outside the 99% confidence level. Evi-
dently, light above 500 nm has no detectable effect on the
probability of directional switching, whereas a maximal
effect is observed with light around 440 nm.
These data have been replotted in Fig. SB, after correction

for differences in photon flux among the various filters. In
this figure, the relative increase in the number of reversals,
resulting from a step-up at a given wavelength, is shown.
The absorption spectrum of PYP, the hypothetical primary
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FIG. 1. Accumulation patterns of E. halophila caused by light
spots of different spectral compositions. Light spots of different
colors were projected into an anaerobic bacterial suspension, and
the effect on the distribution of cells was studied microscopically. A
positive accumulation pattern of bacteria was obtained when a spot
of green plus infrared light (for transmission spectra of the filters
used, see panel B) was used (A). The observed pattern was caused
by positive phototaxis alone. A different pattern was obtained when
a blue (see panel B) spot was used (C). In this case, the bacteria
showed both an attractant and a repellent response. Magnification,
x 125.

light (>560 nm) into an area in which, in addition, light of
shorter wavelengths was present, the fraction of cells that
reversed within 1 s significantly increased compared with
cells that remained in the orange area. On the other hand, the
fraction of cells reversing within 1 s was much lower for cells
that had just entered the orange area than for those that
remained in the white part. These observations indicate that
the observed movement of bacteria from areas with a higher
intensity of blue light to areas with a lower intensity of blue
light was caused by an induction of directional switches after
a step-up of blue light and suppression after a step-down.
Indeed, it could be seen, when observing individual cells
microscopically, that when they entered the white area the

induced reversal usually caused the bacteria to reenter the
orange area. The difference in measured light intensity in the
orange and white areas was rather small: 80 versus 107
PMmo. m-2 s1. Approximately 9.5 nmol of this difference
m-2 s1 consisted of light transmitted by a yellow filter
which could not induce reversals, as could be concluded
from direct microscopic observation. Thus, a strong repel-
lent photoresponse was observed in this batch of bacteria in
response to a step increase of less than 20 pLmol of blue light
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a temporal green-white or white-green transition. The effect
of the removal of a green filter from the light beam of the
microscope on the reversal frequency of a population of
free-swimming bacteria is shown in Fig. 3. The fraction of
the cells that switched per 0.2-s period increased sharply
within 0.4 s after the step-up in light intensity and fell back to
approximately the prestimulus value of 0.06 within 1 s.
Whether this rapid return of the reversal frequency to the
prestimulus level reflects an adaptational process or whether
it is the result of a refractory period which all bacteria enter
simultaneously immediately after a flash-induced directional
switch (as has been observed with H. halobium [16]) cannot
be determined from these data. It should be noted, however,
that almost 100% of the motile bacteria responded to the
stimulus by reversing within 0.4 s. A single time point at 5 s
after the stimulus (value, 0.22) confirms the impression
obtained when observing the cells directly under the micro-
scope in this type of experiment, i.e., that a step-up in blue
light increases the probability of switching for at least
several seconds.

Figure 4 shows the effect of reintroducing the green filter
after 2 min of exposure to white light. The cumulative
number of reversals observed per 0.25-s period is plotted
against time. There was a significant decrease in the proba-
bility of reversals after a temporal transition from white to
green light. This confirms our direct observation of a change
from a relatively "tumbly" population to one with cells
swimming in smooth circles. The observation of individual
bacteria swimming in yellow light, after a blue flash, re-
vealed that these cells generally reversed for the first time at
least 10 s after the flash.
Wavelength dependence of the step-up response. Figure SA

shows the results of a video analysis experiment carried out
to investigate the wavelength dependence of the induction of
reversals by an increase in blue light. The bacteria were
recorded in saturating photosynthetic light (>540 nm). They
were given a step-up light stimulus by side illumination of the
capillary, using narrow-bandwidth interference filters to
select wavelengths between 400 and 520 nm. The total
number of reversals during the 2-s period before and after
the step-up was determined for each wavelength. When the
poststimulus values are compared with the mean and stan-
dard error of the mean of the prestimulus values (19.8 ± 3.1),
it appears that only the poststimulus values obtained at 500
and 520 nm are within the 95% confidence level (t test); all
other values are outside the 99% confidence level. Evi-
dently, light above 500 nm has no detectable effect on the
probability of directional switching, whereas a maximal
effect is observed with light around 440 nm.
These data have been replotted in Fig. SB, after correction

for differences in photon flux among the various filters. In
this figure, the relative increase in the number of reversals,
resulting from a step-up at a given wavelength, is shown.
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from Sprenger et al.,
  J. Bacteriology 175, 3096 (1993)

from Ujj et al.,
  Biophysical J. 75, 406 (1998)

How do signaling proteins function from a molecular point of view? We have chosen PYP as a model 
system for this investigation. It is a photoreceptor that undergoes structural change upon absorbing 
a single photon of light. By exciting this protein with a short duration laser pulse, we can control 
when the structural change begins and study it with near-atomic resolution. In several respects, PYP 
is an ideal model system. Very large crystals of PYP can be grown, it is fully reversible, and it 
undergoes a large amplitude signaling-state structural transition. Convert a femtosecond event, 
and generate a signaling state that is prolonged enough to elicit a response. Negative phototaxis. 
pCA; trans-cis isomerization; strong H-bonds; water penetration gating by Arg52.  PYP photocycle 
provides a framework for understanding signal transduction in proteins, and for assessing and 
validating theoretical/computational approaches in protein biophysics



BioCARS High-Flux 14-IDB Beamline
BioCARS/APS/NIDDK upgrade (2005-2007) 
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X-ray Chopper/Shutter Train       
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Jülich Chopper

High Heat-load Chopper

24-bunch mode

Hybrid mode

306.8 ns

APS

adapted from T. Graber et al., 
J Synch. Radiat. 18, 658-70 (2011).



150-ps Time-Resolved Laue Crystallography 
of PYP via the Pump-Probe Method

θ

~100 mm

λ=2d sinθ

390 nm
 laser pulse (~3.5 m

J/m
m

2)

ΔI = -80σ ... +80σ

10 2

10 3

10 4

10 5

10 6

glass capillary

beamstop

λ = 1.0...1.2 Å
photons

x-ray pulse:
12 keV (peak)
~120 ps
~3x1010 photons/pulse

PYP crystal
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We first developed the technique of picosecond time-resolved Laue 
crystallography at the ESRF.



 Photoactive Yellow Protein (PYP  + PYP*)

10 Å
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dark

light activated

Δt = 100 ps

front view

front view side view

side view

Here is a 100 ps snapshot of PYP structural changes.
dramatic structural change of the pCA
trans-cis isomerization shortens length of pCA
like a winch, pCA pulls the helices inward
structural differences concentrated near pCA, but also see 
displacement in helices above the pCA



Global Analysis of Time-resolved Electron Density Maps
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10 decades of time with 100 ps time resolution.
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50% of pR2 takes a short-cut to pG
water penetration



Arg52 switches between 
‘closed’ and ‘open’ 

conformations

pR2
pB0

pG

The Arginine ‘Switch’

• 	
 facilitates pCA protonation in pB0 state
•	
 facilitates water penetration into the pCA cavity
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Time-resolved Structures of PYP 

0.5 Å0.0 Å Cα displacement (vs. pG)

F. Schotte et al., PNAS 109, 19256 (2012)
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Because the protein crystal prevents large amplitude structural 
changes, we can’t characterize structurally the signaling state, only 
the structural changes that drive the transition to the signaling state. 
What we need is a structural technique that works in solution. For 
this, we developed the method of time-resolved SAXS/WAXS.



What made this study of PYP possible?

Large protein crystals 

BioCARS High-flux 14-IDB Beamline

APS Hybrid Mode (~59 nC bunch)

Jülich High-speed chopper

�



PYP Crystals from Mikio Kataoka (March 2011)

PYP6PYP7PYP8PYP9PYP10PYP11
PYP1PYP2PYP3PYP4

Crystal cracking is evident after acquiring numerous orientations per 
crystal.



BioCARS High-flux 14-IDB Beamline

�

~3×1010 ph/pulse
@ 12 keV

~15 nC

�

~59 nC

Hybrid mode

24-bunch mode

Two in-line short-period undulators
(U23 + U27)



Time-resolved Photobiological Studies 
are “Photon Starved”

Uncertainty in the measured intensity of spot hkl is limited 
by photon-counting statistics, i.e., 

where I is the integrated number of photons assigned to 
that hkl, and B is the number of background photons 
within the footprint of that spot.

The average number of photons detected per hkl dictates 
the S/N of the data set, <I/!I>, and the resolution of the 
structure determination.  

How to boost the S/N:

Higher flux source (more photons per pulse)

Higher repetition frequency for data acquisition

Merge hkl from multiple observations

σ I( )hkl = I + B( )
hkl



X-ray Flux: How Much is Too Much?
(depends on how tightly it is focused)

3x1010 photons at 12 keV focused to ~30 μm will produce ~6 °C temperature 
jump in the x-ray illuminated volume of the protein crystal.

~1012 photons at 9 keV focused to ~10 μm produces an adiabatic temperature 
jump more than sufficient to generate a ‘steam’ explosion in the crystal. 

The ensuing shock wave created disorder in the crystal and rendered it non 
diffracting. 

Michael Soltis

MbCO (Michael Soltis, LCLS 2010)



Repetition Rate: How Fast is Too Fast?
The protein crystal requires time to recover from laser excitation.

Thermal time constant: few tens of ms (~100 μm; proportional to d2)
Ground state recovery time: ~ 1 s (can be longer)
Diffractometer translation rate: ~ 41 Hz (move 600 μm with ~2 μm precision)
Detector readout rate: now 0.4 Hz; will be 10 Hz (Rayonix MX340-HS)

120 µm
6 shots per image
• translate crystal after every shot
• maximize time between repeated exposure
• 56 images along length of crystal → ~0.3 MGy dose

1 4 2 5 3 6



Signal-to-Noise, Crystal Size, 
and X-ray Flux Limitations

With 3x1010 photons @ 12 keV focused to 
dimension of the crystal 
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Q: What would we like to do tomorrow?

A: Study non-reversible enzymatic 
processes in small crystals 

Desired Source Properties LCLS APS
High flux (~1011 ph/pulse @ ~1Å) X
Short pulses (≤1 ps) X
Small, round focused spot (~30 μm) X X
~5% bandwidth (Laue) X
High pulse-to-pulse stability X



Multibend Achromat Lattice: Flux @ 6 GeV

from MBA_prelim_expected_perf v2.pdf

Figure 3: Comparison of pulsed brightness from the present APS to selected hybrid-permanent
magnet and superconducting undulators in the MBA lattice design described here. See text for
details.

Figure 4: Comparison of pulsed flux from the present APS to selected hybrid-permanent magnet
and superconducting undulators in the MBA lattice design described here. See text for details.
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Hybrid permanent magnets; 
8.5 mm gap; U28; U25

10.75 mm gap; U33; U27

Super Conducting Undulator; 
8.5mm gap; U20.5; U15.5

200 mA; 48-bunch mode; inject every 10 s

U19 operating at 8.5 mm gap 
produces ~12 keV; when combined 
with U23 tuned to 12 keV, achieve 
~95% of  “APS now”

2 Global Accelerator Properties

Some global properties of the accelerator design described here are listed in Table 1. The circum-
ference and number of sectors are, of course, unchanged from the present machine, although in
fact the circumference would change slightly to accommodate the change in geometry that results
from having bending in different locations. Although there are many more dipoles in a sector, we
anticipate only a single bending magnet beamline in each sector, as in the present machine. The
average pressure is expected to be quite low in spite of the narrow vacuum pipe, owing to the use
of NEG-coated chambers. This should ensure similar bremsstrahlung radiation levels as seen at
present.

Quantity Symbol Range Units

Circumference C 1104 m
Number of sectors Ns 40
Number of dipoles per sector Nd 5-8
Arc beam pipe outside diameter Dp 26 mm
Average pressure Pave < 2 nT

Table 1: Global accelerator properties

3 Basic Electron Beam Properties

The basic properties of the electron beam in this design are listed in Table 2. The major changes
from the present-day APS are the dramatic drop in horizontal and vertical emittance, as well as a
decrease in the beam energy from 7 to 6 GeV. The expected fractional rms energy spread would be
very similar to the present value.

The natural emittance is expected to be in the range of 60 to 80 pm, which would be closely
realized only for fill patterns with small single-bunch charge. Due to intra-beam scattering (IBS), the
emittance would grow somewhat for fill patterns with few bunches. It is thought that the maximum
single-bunch charge would be similar to that of the present APS 24-bunch mode (∼15 nC or 4.2 mA
per bunch). Typically in cases with higher single bunch charge we would increase κ to reduce the
impact on beam lifetime.

Quantity Symbol Range Units

Beam energy E 6 GeV
Natural emittance ε0 60 - 80 pm
Rms energy spread σδ 0.09 - 0.12 %
Emittance ratio κ = εy/εx 0.1 - 1.0
Emittance increase due to IBS - < 25 %
Horizontal emittance εx 30 - 91 pm
Vertical emittance εy 40 - 5 pm

Table 2: Basic electron beam properties

3

APS currently operates at 7 GeV; 
lowering to 6 GeV will require 
shorter period undulators 
operating at closer gap to 
achieve comparable energy and 
flux. 

BioCARS UndulatorsBioCARS Undulators

Now: 7 GeV
10.5 mm gap

U23 U27

MBA: 6 GeV
8.5 mm gap

U19 U23

[Convert existing U27 to U19]



Multibend Achromat Lattice: 
Time Resolution 
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2-3 fold electron bunch compression via a superconducting harmonic cavity.



Multibend Achromat Lattice: 
Time Resolution 

2-3 fold electron bunch compression via a superconducting harmonic cavity.
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Multibend Achromat Lattice: 
Time Resolution vs. Lifetime

Bunch compression shortens its lifetime, requiring more frequent injection.
Might periodic (e.g. ~10 Hz) switch between pulse compression and expansion 
mitigate lifetime issues?

7 Details for Latest Lattice Revision

Table 7 shows detailed ID source point properties as a function of the number of bunches Nb. Listed
are the emittance ratio κ, the rms horizontal and vertical emittances εx,y, the rms horizontal and
vertical beamsizes σx,y, the rms horizontal and vertical divergences σ′

x,y, the rms bunch duration σt,
the rms energy spread σδ, the 10th-percentile predicted Touschek lifetime τ10th , and the approximate
injection interval ∆Tinj. In most cases, several bunch durations are listed, including a minimum
duration plus durations of approximately 35 and 70 ps. κ is adjusted to attempt to maintain the
10th-percentile predicted lifetime τ10th above 3 hours.

Table 7: Parameters for ID source points for H7BA-TwoSector-60pm-nux105-nuy34

κ σt εx εy βx βy σx σ′

x σy σ′

y σδ τ10th ∆Tinj

ps pm pm m m µm µrad µm µrad 10−4 hour s

Nb = 48 fb = 13.0MHz
1.00 70 41.7 41.7 1.3 2.9 7.4 5.7 10.9 3.8 9.95 1.38 10.4

Nb = 81 fb = 22.0MHz
1.00 35 42.5 42.5 1.3 2.9 7.4 5.7 11.0 3.9 1.00×101 1.19 5.3
1.00 69 39.6 39.6 1.3 2.9 7.2 5.5 10.6 3.7 9.77 2.23 9.9

Nb = 162 fb = 44.0MHz
1.00 21 41.6 41.6 1.3 2.9 7.3 5.7 10.9 3.8 9.95 1.41 3.1
1.00 35 39.6 39.6 1.3 2.9 7.2 5.5 10.6 3.7 9.77 2.23 5.0
0.24 68 56.1 13.3 1.3 2.9 8.5 6.6 6.2 2.2 9.74 3.00 6.7

Nb = 216 fb = 58.7MHz
1.00 20 40.7 40.7 1.3 2.9 7.3 5.6 10.8 3.8 9.86 1.72 2.9
1.00 34 38.8 38.8 1.3 2.9 7.1 5.5 10.5 3.7 9.70 2.91 4.9
0.11 68 61.4 6.5 1.3 2.9 8.9 6.9 4.3 1.5 9.79 3.00 5.0

Nb = 324 fb = 88.0MHz
1.00 18 39.5 39.5 1.3 2.9 7.2 5.5 10.6 3.7 9.76 2.32 2.6
0.22 35 56.6 12.6 1.3 2.9 8.6 6.6 6.0 2.1 9.74 3.00 3.3
0.10 68 59.8 5.9 1.3 2.9 8.8 6.8 4.1 1.4 9.69 4.31 4.8
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Bunch injection period

with 2X compression

round beam

from MBA_prelim_expected_perf v2.pdf

Would 3X bunch compression 
shorten lifetime by ~3X?



Multibend Achromat Lattice: 
“45+1” Mode

306 ns

~45 nC
~15 nC

High-speed Chopper

~45 nC (~12 mA) superbunch with a gap on either side would facilitate isolation of a 
high-flux pulse for picosecond time resolved studies. Could this become the new 
Normal Operating Mode?

The high-speed chopper could also isolate cleanly 45 pulses (~675 nC) to speed the 
acquisition of data at pump-probe time delays longer than 1 revolution (3.68 μs).



Multibend Achromat Lattice: 
Bottom Line

Reduced horizontal emittance: 

Focus to smaller, round spot with single K-B mirror pair.

Round beam means white beam slits can tailor the pink beam 
spectral bandwidth (beneficial for SAXS/WAXS and Laue). 

Smaller spot requires less laser energy per pulse, and allows 
more spots across the length of the crystal.

Pulse Duration: 

Superconducting harmonic cavity would allow generation of 2-3 
times shorter pulses, which would be welcome.

Fill Pattern: 

Desire Normal Operating Mode e.g., 45+1, that allows isolation 
of a single pulse with a mechanical chopper (e.g., Jülich high-
speed chopper).  
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